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Scaffold proteinProtein-bound iron sulfur clusters are prosthetic groups involved in several metabolic pathways. Understanding
how they interact with the host protein and which factors inﬂuence their stability is therefore an important goal
in biology. Here, we have addressed this question by studying the determinants of the 2Fe–2S cluster stability in
the IscU/Isu protein scaffold. Through a detailed computational study based on a mixed quantum and classical
mechanics approach, we predict that the simultaneous presence of two conserved residues, D39 and H105, has
a conﬂicting role in cluster coordination which results in destabilizing cluster-loaded IscU/Isu according to a
‘tug-of-war’mechanism. The effect is absent in the D39A mutant already known to host the cluster more stably.
Our theoretical conclusions are directly supported by experimental data, also obtained from the H105A mutant,
which has properties intermediate between the wild-type and the D39A mutant. This article is part of a Special
Issue entitled: Fe/S proteins: Analysis, structure, function, biogenesis and diseases.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
Prokaryotic IscU and its eukaryotic Isu ortholog form one of themost
conserved and widely spread protein families found in nature [1]. They
are essential proteins involved in the assembly of iron–sulfur (Fe–S)
clusters, a prosthetic group implicated in a wide variety of biological
functions from electron transport to structural roles, to catalysis [2,3].
It is generally accepted that IscU/Isu acts in combination with IscS/
Nfs1 [4,5], a desulfurase that converts cysteine into alanine by formation
of a highly reactive persulﬁde [6]. Two IscU/Isu monomers indepen-
dently bind the IscS/Nfs1 dimer and act as the ‘preferential’ partners
to which the enzyme transfers persulﬁde for cluster formation. IscU/
Isu is thought to bind both 2Fe–2S and 4Fe–4S clusters [7,8]. However,
2Fe–2S clusters assemble directly on the IscU/Isu monomer bound to
IscS/Nfs1, whereas 4Fe–4S clusters seem to form through a reductive
couplingmechanismonly after detachment of IscU/Isu from the enzyme
and its consequent dimerization.
The three-dimensional structures of several IscU/Isu orthologues
have been solved both by NMR and X-ray crystallography [5,9–13].
They show different grades of compactness. The crystal structures,
both of free and IscS/Nfs1-bound IscU/Isu, have a compact fold thatteins: Analysis, structure, func-
44 20 8906 4477.consists of two α-helices sandwiched between a three-stranded anti-
parallel β-sheet and three short α-helices [5,11,12]. The protein is
more ﬂexible in solution depending on the presence of a zinc cation
which stabilizes the fold [9,10,13]. While the functional relevance of
this cation is still unclear, we have recently shown that zinc does not in-
terfere with Fe–S cluster formation and that IscU binds IscS as a fully
folded structure [14,15].
The cluster bound to IscU is highly labile especially under aerobic
conditions, as expected for a transient acceptor which readily delivers
the cluster to more stable hosts [16,17]. Cluster coordination remains
a matter of debate. It seems to involve three highly conserved cysteines
(C37, C63, and C106 in Escherichia coli IscU) [18], although the role of
C37 was questioned [19]. The fourth ligand could be the nearby H105
as supported by a recent radiolabeling study [20]. However, the crystal
structure of IscS bound to cluster-loaded IscU_D39A from Archaeoglobus
fulgidus shows a cysteine from IscS as a fourth ligand of the 2Fe–2S clus-
ter [21]. While interesting, this observation cannot explain the coordi-
nation when IscU detaches from IscS, how the cluster can be formed
chemically in vitro rather than enzymatically in the absence of the
desulfurase [19], orwhy4Fe–4S can be only formed on IscU/Isu after de-
tachment of the protein from IscS/Nfs1 and formation of a dimer [7,8].
To complicate thematter, mutation of an aspartate to alanine (D39A
in E. coli IscU) close to the coordination center stabilizes the clustermak-
ing it more persistent also under aerobic conditions, as observed for
IscU/Isu variants from Azotobacter vinelandii [22], Aquifex aeolicus [23],
Schizosaccharomyces pombe [16] and Homo sapiens [17]. The effect was
Table 1
Geometric parameters of the 2Fe–2S cluster and of the atoms close to it. The distances are
taken from the IscU_wt and IscU_D39A structures optimized at the detailedQM/MMcom-
putational level. Two starting structures were used: 3LVL and 2Z7E. The values obtained
for the latter are in parentheses. Numbering is according to Fig. 1.
Interatomic distances (Å) IscU_wt IscU_D39A
Fe(1)–Fe(3) 2.892 (2.902) 2.788 (2.826)
Fe(1)–S(2) 2.288 (2.242) 2.280 (2.284)
S(2)–Fe(3) 2.300 (2.414) 2.218 (2.231)
Fe(3)–S(4) 2.347 (2.326) 2.235 (2.246)
S(4)–Fe(1) 2.248 (2.314) 2.278 (2.296)
Fe(1)–S(5) 2.446 (2.401) 2.392 (2.347)
Fe(1)–S(7) 2.236 (2.320) 2.219 (2.263)
Fe(3)–N(9) 2.688 (2.418) 2.147 (2.169)
Fe(3)–S(10) 2.397 (2.404) 2.301 (2.339)
Fe(3)–O(12) 1.991 (1.927) –
Fe(3)–C(12) – 4.500 (4.590)
Angles (deg)
Fe(1)–S(2)–Fe(3) 78.1 (77.0) 76.6 (77.4)
Fe(1)–S(4)–Fe(3) 77.9 (77.4) 76.3 (76.9)
S(7)–Fe(1)–S(5) 90.2 (89.6) 104.4 (103.0)
S(10)–Fe(3)–N(9) 81.2 (79.3) 104.4 (104.6)
O(12)–Fe(3)–S(10) 94.3 (89.1) –
Dihedral angles (deg)
Fe(1)–S(2)–Fe(3)–S(4) −2.7 (2.4) −16.7 (−8.1)
S(10)–N(9)–Fe(3)–Fe(1) −178.5 (167.7) −175.8 (177.1)
Fe(3)–Fe(1)–S(7)–S(5) 163.5 (169.8) 162.0 (168.8)
S(2)–S(4)–Fe(3)–S(10) −157.8 (177.9) 141.4 (135.8)
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[24,25] or to a stabilization of the folded state required for cluster-
loaded complex formation [13]. However, since very little is known
about the determinants of cluster coordination on IscU/Isu, it is difﬁcult
to rationalize these observations. A detailed study of IscU/Isu cluster
coordination both in thewild-type protein and in themutant is thus es-
sential for a better understanding of the driving forces that yield cluster
stabilization.
For this challenging endeavor, we have used a multidisciplinary
approach involving a combination of multilayered quantum and
molecular mechanical (QM/MM) calculations, together with different
experimental studies. Among the computational methods, the ONIOM
approach [26] has emerged as a powerful tool that allows analysis of
even large proteins by using quantum mechanics treatment of the
most interesting regions (e.g. the active site) but at the same time taking
into account the environment at a classical molecular mechanical level.
Intrinsic electronic properties can be derived from these calculations by
the density functional theory (DFT). The DFT and ONIOM (QM/MM)
methodologies have extensively been used to study metalloproteins
[27].
We have used this approach to carry out a comparative study of
wild-type IscU (IscU_wt) and itsmutants (IscU_D39A and IscU_H105A)
in their cluster loaded (holo) forms.We demonstrate, through the anal-
ysis of different independent parameters, that the instability of 2Fe–2S
cluster bound IscU_wt can be explained by the conﬂicting role of D39
and H105 in the cluster coordination shell, which weakens the cluster
protein interaction. This conﬂict is absent in the D39A and H105A mu-
tantswhich, as a result, are thermodynamicallymore stable.We validat-
ed our computational conclusions using a combination of different
spectroscopies including resonance Raman (RR), circular dichroism
(CD), and UV–Vis absorbance. Our results were further comforted by a
bioinformatic analysis that shows the high level of conservation of
D39 andH105. Our study sets a new reference for understanding cluster
formation and stability.
2. Materials and methods
2.1. Computational studies
The structure of E. coli IscU_wt was taken from the crystal structure
of IscU in complex with IscS (pdb: 3LVL, chain A) [5], while the manual
replacement of D39 to Ala provides the IscU_D39A model. The 2Fe–2S
cluster was added to the resulting structures by superimposing them
with the structure of IscU from A. aeolicus (pdb: 2Z7E, chain B). To dem-
onstrate that the results are essentially independent from the initial
choice we repeated the calculations using homology models obtained
by the EXPASY server (http://swissmodel.expasy.org/) using the pdb
structure 2Z7E as a template (Table 1 and Suppl. Mat.). The structures
were relaxed at the MM level by the steepest-descent algorithm
using the GROMACS package [28] and the GROMOS96 force ﬁeld [29].
Hydrogens were added using the UCSF Chimera software (v.1.3),
while H10 and H105 were protonated on Nδ1 and unprotonated on
Nε2. A water solvation shell was added to the resulting structures
using the TIP4PEWBOX solvation model.
Structures were prepared for QM/MM calculations by deﬁning two
layers (Fig. 1A). Experimental data indicate that the 2Fe–2S cluster is
in a fully oxidized state when assembled on proteins [7,30]. We there-
fore assumed that the two Fe atoms are Fe3+ ions with a spin quantum
number Si = 5/2. Both spins are coupled anti-ferromagnetically and the
total spin value for the cluster is S = 0. Geometry optimizations were
carried out by the two-layer ONIOM(B3LYP/GENECP:UFF = QEQ)
method implemented in the Gaussian 09 program [31]. The DFT-
B3LYP functional was adopted for the higher level (QM layer) [32,33]
in combination with the 6-311+G* basis set for H, C, N, S and O
atoms, while the LANL2DZ [34] effective core potential was used to rep-
resent the core electrons of the iron atoms. Given that our systeminvolves anti-ferromagnetically spin coupled interactions between the
two high-spin irons, we used the broken symmetry (BS) approach for
theQMregion [35], amethod that provides accurate results for the com-
plex spin properties of Fe–S clusters [35,36]. The lower layer (MM level)
was treated by the Universal Force Field (UFF) with charges derived
using the charge equilibration (QEQ) scheme [37].
Truncatedmodelswere built from the optimized QM/MMstructures
by considering only the atoms included in the QM layer (Fig. 1B,C). The
valence of the truncated carbon atoms was satisﬁed adding hydrogen
atoms. The resulting structures were optimized at the BS-B3LYP/6-
311++G** theory level freezing the positions of all heavy atoms. After-
wards, single point calculations were carried out using the same theory
level and a density based solvationmodel (SMD) to simulate the effects
of the water (ε 78.4) [38]. Natural bond orbital (NBO) analysis [39] was
used to evaluate theNBO charges and determine the bond orders. Topo-
logical analysis of the computed wave functions at the SMD-BS-B3LYP/
6-311++G** level was performed using the AIM2000 package [40] to
quantify intra- and inter-molecular interactions.
2.2. Protein production
Recombinant E. coli IscS, IscU_wt and its D39A and H105A mutants
were over-expressed in E. coli and puriﬁed as previously described
[41,42]. In short, they were produced as fusion proteins with a His-
tagged GST and puriﬁed by afﬁnity chromatography using Ni-NTA
agarose gel (QIAGEN). All puriﬁcation steps were carried out in the
presence of 20 mM β-mercaptoethanol. The collected proteins were
cleaved overnight from GST by TEV protease and further puriﬁed by
gel-ﬁltration chromatography on a Superdex 75 26/60 column (GE
Healthcare). Protein purity was checked by SDS-PAGE and by mass-
spectrometry.
2.3. Circular dichroism (CD) measurements
Far-UV CDmeasurements were performed on a Jasco J-715 spectro-
polarimeter (Jasco UK Ltd, Great Dunmow, UK) equipped with a cell
holder thermostated by a PTC-348 Peltier system. Far UV CD measure-
ments were performed at 25 °C in 10 mM Tris–HCl buffer at pH 8
using protein concentrations of 7–35 μM. The spectra were recorded
A B
Fig. 1. Systempreparation. A) Initial structure of holo IscU_wt. The cluster and the heavy atoms included in theQM layer are shown explicitly, whereas only the backbone atoms treated by
classical mechanics in the low-level layer are indicated. Solvent atoms are also omitted. B) Truncatedmodels of holo IscU_wt (top) and IscU_D39A (bottom) used in DFT calculations. Hy-
drogen atoms were added to compensate the valence of the truncated atoms.
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unfoldingwas followed bymonitoring the CD signal at 440 nmupon in-
creasing the temperature from 20 to 80 °C. The scan rate was 1 °C/min.
Measurements were repeated three times.
2.4. Electronic absorption and resonance Raman (RR) measurements
Electronic absorption and RR spectra were measured in parallel at
room temperature using anaerobically sealed samples in a 5 mm NMR
tube. The absorption spectra were recorded with a double-beam Cary
5 spectrophotometer (Varian, Palo Alto, CA) and a 600 nm/min scan
rate. The RR spectra were obtained by excitation with the 413.1 nm
line of a Kr+ laser (Coherent, Innova 300 C, Santa Clara, CA). Back-
scattered light from a slowly rotating NMR tube was collected and fo-
cused into a triple spectrometer (consisting of two Acton Research
SpectraPro 2300i and a SpectraPro 2500i in the ﬁnal stage with a 3600
grooves/mm grating) working in the subtractive mode, equipped with
a liquid nitrogen-cooled CCD detector. Absorption spectra were mea-
sured both prior to and after RR measurements at room temperature
to ensure that no degradation had taken place under the experimental
conditions used. All RR measurements were repeated several times
under the same conditions to ensure reproducibility. To improve the
signal-to-noise ratio, a number of spectra were accumulated and
summed only if no spectral differences were noted. All spectra were
baseline corrected. The spectral resolution of the RR spectra as reported
in theﬁgure captionswas calculated theoretically on the basis of the op-
tical properties of the spectrometer. However, for themoderately broad
experimental RR bands observed in the present study (ca. 10 cm−1), the
effective spectral resolution will be in general lower. The RR spectra
were calibrated with CCl4 and dimethyl sulfoxide as standards to an ac-
curacy of ±1 cm−1 for intense isolated bands.
2.5. Enzymatic cluster reconstitution assays
The holo proteins were produced by enzymatic cluster reconstitu-
tion performed under strict anaerobic conditions in a chamber (Belle
technology) kept under nitrogen atmosphere. Solutions of 50 μM IscU
or its mutants were incubated in sealed cuvettes (10 mm path length)
typically using 3 mM DTT and 40 μM Fe(NH4)2SO4 for 30 min in
50 mM Tris–HCl buffer, pH 7.5 and 150 mM NaCl. The reaction was
initiated by adding IscS (1 μM) and the reaction substrate cysteine
(250 μM). Successful cluster formation was assessed by UV–Visabsorbance spectroscopy using a Cary 50 Bio (Varian) spectrophotome-
ter [41,43–45]. Persistence of the Fe–S cluster on IscU and itsmutants in
the presence of oxygen was monitored by recording absorbance at
416 nm as a function of time taking as time zero when the solution
was exposed to the air (30 min after starting the reaction).
2.6. Bioinformatic search
Multiple alignments were obtained retrieving the sequences
from the Pfam protein database (http://www.sanger.ac.uk/resources/
databases/pfam.html) using the E. coli sequence to search. The result
was independently double checked by keyword searching. We re-
trieved the NifU_N family (PF01592). The sequences were multiple
aligned by the clustalx software (http://mac.softpedia.com/get/Math-
Scientiﬁc/ClustalX.shtml) using standard parameters. The full list com-
prises 4872 sequences. We analyzed the full entry but, for the sake of
Fig. 7 preparation, we used only the seed from Pfam (16 sequences) as
representative of the family.
3. Results
3.1. Monomeric IscU can coordinate 2Fe–2S but not 4Fe–4S
Already at the onset of the initial modeling it became clear why iso-
lated monomeric IscU/Isu can coordinate 2Fe–2S but not 4Fe–4S clus-
ters. The residues potentially important for coordination are on the tip
of a roughly ellipsoidal structure (Fig. 2A). Their positions so close to
the protein surface could only allow coordination of the roughly planar
2Fe–2S cluster which needs only four ligands from the protein. 4Fe–4S
clusters are usually buried in the protein interior because coordination
of the cluster cubane requires several more coordinating groups at key
spatial positions (Fig. 2B). This cannot be achieved at the level of the
IscU monomer. Incomplete coordination can sometimes be compensat-
ed for by the solvent, but this would almost certainly be too unstable to
be efﬁcient in this case where the cluster is so exposed.
3.2. The single point mutation IscU_D39A affects the 2Fe–2S coordination
geometry
The geometries of the holo IscU_wt and IscU_D39Amodels were op-
timized and subjected to DFT analysis. The optimized structures super-
impose well indicating that the mutation does not affect the overall
Fig. 2. Comparison of proteins hosting 2Fe–2S and 4Fe–4S clusters. A) Ribbon representa-
tion of the X-ray structure of IscU from Aquifex aeolicus (pdb code: 2Z7E, chain B). The
2Fe–2S cluster is indicated explicitly (in red) together with the side chains of the three
cysteines and a histidine (in yellow) which coordinate the cluster. B) Ribbon structure
of ferredoxin from Peptostreptococcus asaccharolyticus (pdb code: 1DUR). The protein con-
tains two 4Fe–4S cluster and nine cysteines. Additional ligands are provided by backbone
atoms and other side chains.
A
B
C
Fig. 3. Analysis of the cluster coordination geometries. A) Superposition of the optimized
structures of holo IscU_wt and IscU_D39A around the cluster. B) and C) Optimized geom-
etry of IscU_wt (upper panel) and IscU_D39A (lower panel) with the residues involved in
cluster coordination.
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detail the geometries of the atoms in and around the cluster to establish
the residues involved in coordination (Table 1). In the optimized struc-
tures of holo IscU_wt and IscU_D39A, the 2Fe–2S clusters have an al-
most planar geometry.
In both structures, Fe(1) is tetrahedrally coordinated by four sulfur
atoms, two provided by the protein cysteines (C63 and C106) and two
from the cluster. Important differences in coordination are instead ob-
served for Fe(3). In IscU_wt, Fe(3) has a slightly distorted trigonal bipy-
ramidal coordination (see the S(2)-S(4)–Fe(3)–S(10) dihedral angle)
(Fig. 3B) being axially sandwiched between Nε2(9) of H105 and D39
O(12). The Fe(3)–N(9) distance is 2.69 Å that is signiﬁcantly longer
than in other crystal structures (between 2.09 and 2.29 Å in the 1GP6,
2LM4, 1JIG, 1RXF, and 1NP1 PDB entries). It is nevertheless shorter
than the sumof the van derWaals radii (3.65 Å) indicating, if not a clas-
sical bond, an interaction between the two atoms.
Notably, the Fe(1)–Fe(3) distance is longer in the IscU_wt than in
the mutant (2.89 Å vs. 2.79 Å). It is also overall longer than that ob-
served in 2Fe–2S clusters assembled on other cluster-loaded proteins:
2.74 Å in ferredoxin [46], 2.68 Å in rubredoxin [47] and 2.86 Å in
ferrochelatase [48], which are known to host stable clusters.
In IscU_D39A, Fe(3) is tetrahedrally coordinated by three sulfur
atoms and by Nε2 of H105 (Fig. 3C). This coordination shortens the
Fe(3)–S(10) and Fe(3)–N(9) distances and, to a lesser extent, the
Fe(1)–S(5) and Fe(1)–S(7) distances. The Fe(1)–Fe(3), S(2)–Fe(3) and
Fe(3)–S(4) distances become slightly shorter whereas the Fe(1)–S(2)–
Fe(3) angle decreases by ~1.5° as compared to IscU_wt. The S(7)–
Fe(1)–S(5) and S(10)–Fe(3)–N(9) angles adopt values closer to a
tetrahedral coordination (109.5°) as reported for organic complexes
containing 2Fe–2S tetrahedrally coordinated [49,50]. The coordination
angles of IscU_D39A are similar to those observed in other 2Fe–2S
loaded proteins such as ferrochelatase (102.9°) [51], ferredoxin
(102.0°) [52] and thioredoxin (101.4°) [53]. The Fe(1)–S(2)–Fe(3)–
S(4) dihedral angle is slightly distorted, with Fe(3) out of the Fe(1)–
S(2)–S(4) plane by−16.7° towards the H105 side chain.
These results clarify the cluster coordination in the two proteins and
demonstrate that D39 is directly involved in coordination in IscU_wt.
Accordingly, the mutation changes the 2Fe–2S geometry making the
cluster overall more compact, reducing the iron-to-ligand distances
and increasing the coordination angles.
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IscU_D39A
To consolidate our conclusions, we analyzed different indicators
which could provide further insights into the effect of the different coor-
dination of holo IscU_wt and itsmutant (see Suppl. Information for a de-
tailed description). We used the Bader's “atoms in molecules” (AIM)
theory [40] to identify the bond critical points (BCPs) and the presence
of a bond path between two atoms: these parameters indicate contacts
between atomic charge distributions and provide information on the
degree of overlap of the electron densities [54]. The analysis fully sup-
ports a change of coordination upon mutation which also increases
the electron density at the BCPs within the cluster, as well as the
strength of the thiol and imidizadole coordination of the cluster
(Fig. 4A and Table S1). The BCPs indicate a clear orbital superposition
between the Fe(3)–N(9) pair. The interaction is weaker than a covalent
bond but stronger than a hydrogen bond, according to a possible dipole-
ion interaction. The D39A mutation enhances the bond orders between
the cluster and the coordination atoms, indicating a stronger IscU-
cluster interaction upon mutation.
Finally, we computed the atomic charge distribution (Table S1 and
S3 of Suppl. Mat.). In both proteins, the Fe atoms are, as expected,
positively charged whereas negative electronic charges are localized
on the sulfur atoms and on the chelating atoms. Upon mutation, the
2Fe–2S cluster increases its global charge (from 0.088e to 0.302e in
the mutant) and three of the cluster chelating atoms [C63–S(7),
H105–N(9) and C37–S(10)] become more negative, indicating that the
mutation modiﬁes the electrostatic interactions between the cluster
and its ligands (Table S2 and S4 of Suppl. Mat.).
Taken together, this analysis conﬁrms that the effect of mutation
leads to a more compact arrangement in which the cluster interacts
more tightly with the protein environment.5
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A
C
Fig. 4. BCPs analysis, surface exposure and hydrophobicity around the cluster. A) Comparison of
positions of the truncated models of IscU_wt. BCPs are shown as small red spheres. Atoms ar
IscU_wt (left) and IscU_D39A (right) using the UCSF Chimera alpha software. Hydrophobic reg
The sulfur and iron atoms of the clusters are shown respectively as yellow and red spheres.3.4. D39A mutation increases hydrophobicity around the cluster
We then analyzed the hypothesis that a higher stability of the cluster
in IscU_D39A could be related to a decrease of solvent accessibility [24,
25]. Although a quantitative analysis of the solvation effect cannot be re-
liably obtained from the mixed QM/MM approach used here, we can
qualitatively note that in both structures the cluster is inserted in a
cavity close to the protein surface, which leaves only one sulfur atom
more solvent exposed (Fig. 4B). The cluster is overall more protected
in IscU_wt than in IscU_D39A in direct contradiction with the proposed
hypothesis [24,25]. Mutation increases instead the hydrophobicity of
the region around the cluster suggesting again a tighter interaction be-
tween the cluster and the proteinwhich, as a consequence, would disfa-
vor cluster disassembly.
3.5. Spectroscopic analysis validates a role of both D39 and H105 in cluster
binding
We used absorption and RR spectroscopies to provide an experi-
mental validation of our conclusions based on computational methods.
The absorption spectra of holo IscU_wt and IscU_D39A are similar, sug-
gesting that mutation does not signiﬁcantly perturb the electronic tran-
sitions. However, theholo IscU_wt protein is predominantly a pure 2Fe–
2S cluster (bands at 405, 455, 515 nm) at least in the initial part of the
reaction, whereas the mutant is a mixture of both 2Fe–2S and 4Fe–4S
(420 nm) (Fig. 5A).
The RR spectra can be divided into three regions: region I
(~250–300 cm−1), region II (~290–360 cm−1), and region III
(~360–420 cm−1). Localized Fe–N modes in Rieske-type centers have
been found in region I [55–57]. Recently, Tirrel and coworkers identiﬁed
the RR bands whose frequencies clearly depend on changes in the local
structure of the Fe–His moiety of a naturally occurring Fe2S2(His)(Cys)35
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B
the bond critical points in IscU_wt (left) and IscU_D39A (right) with respect to the atomic
e labeled according to Fig. 1B). Hydrophobicity calculated for the optimized structures of
ions are colored in different tones from dark green (highly hydrophobic) to red (charged).
Fig. 5. Comparison of the UV–Vis (A) and RR (B) spectra of holo IscU_wt and IscU_D39A obtained at room temperature. RR experimental conditions: excitation wavelength 413.1 nm,
spectral resolution 1 cm−1, laser power at the sample 55 mW; (wt) average of eleven spectra with 15 min integration time; (D39A) average of ﬁfteen spectra with 10 min integration
time. In the wt spectrum the intense bands characteristic of the 2Fe–2S cluster are indicated in magenta. In the spectrum of the D39A mutant the principle bands assigned to the 2Fe–
2S and 4Fe–4S clusters are highlighted in blue and red, respectively.
A
B
Fig. 6. Comparison of the experimental properties of holo IscU_wt with those of the holo
IscU_D39A and IscU_H105A mutant. A) Thermal denaturation followed by CD signal at
440 nm. In this and in the following panel IscU_wt is indicated in green, IscU_D39A in
blue and IscU_H105A in magenta. B) Persistence of the cluster under aerobic conditions.
Time zero corresponds to exposure to air after 30min of incubation under anaerobic con-
ditions to allow cluster formation.
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284, and 296 cm−1 depending on the protonation status of thehistidine.
The bands shift down to 263, 282, and 292 cm−1 at pH 6.2. Moreover,
the frequencies of the Agt and B3ut predominantly Fe–S(Cys) stretching
modes present in region II provide a direct indication of whether the
cluster has a complete cysteine coordination [45,59] or an incomplete
cysteine coordination, where one thiol ligand can be substituted by an
oxygen [59–61] or an imidazole group [55,58]. In general, compared
to clusters with complete thiol coordination, an oxygen ligand gives
rise to an upshift of the B3ut and Agt modes on the basis of themass dif-
ference between S and O. Accordingly, for the partial non-cysteinyl liga-
tion [2Fe–2S] cluster, these bands shift up [62] (296 and 353–256 cm−1,
respectively) compared to those of the all-cysteine-ligated [2Fe–2S]
clusters in ferredoxins [61] (281–291 and 326–340 cm−1, respectively).
The only known exception is human ferrochelatase, which with a com-
plete cysteinyl ligation [2Fe–2S] cluster has the Agt and B3ut Fe–S(Cys)
stretching modes at 350 and 295 cm−1, respectively [61]. In this
case, the X-ray crystal structure indicates that the anomalous high
frequencies of the RR bands derived from the marked differences in
H-bonding interactions and cysteinyl Fe–Sγ–Cβ–Cα dihedral angles
compared to those of ferredoxins [63].
The B3ut (294 cm−1) and Agt (352 cm−1) Fe–S(Cys) stretching mode
frequencies of the 2Fe–2S cluster assembled on IscU_wt (Fig. 5B) are
higher compared to those typical of 2Fe–2S clusters with complete cys-
teine coordination, suggesting that oneof the coordinating ligands is not
cysteine [45,59,64] and one thiol ligand might be substituted by an ox-
ygen. The resonance Raman data provide information of the complete
or incomplete cysteine ligation, but only limited information about the
nature of the noncysteinyl [2Fe–2S] cluster ligands. The possible oxy-
genic ligands that have been previously identiﬁed are water/OH−,
serinate, aspartate, and glutamate. On the basis of the spectroscopic
and computational results, we suggest the ligand in IscU_wt to be the
oxygen group of Asp39. Moroever, in region I (250–300 cm−1) the
bands observed at 263 (vw), 277, and 288 (sh) cm−1 are typical of a
(His)(Cys)3 coordination with a protonated histidine [58]. Therefore,
the results on the holo IscU_wt are consistent with a [2Fe–2S] cluster
with an incomplete cysteine coordination characterized by the coordi-
nation of both histidine and aspartate residues.
The RR spectrum of the D39A strongly supports the conclusion
drawn for the IscU_wt. In agreement with the electronic absorption
spectrum, the mutant is characterized by the presence of both the
2Fe–2S and 4Fe–4S clusters. The presence of this latter cluster is sug-
gested, in particular, by the intense broad bands in regions II and III cen-
tered at about 340 cm−1 and 390 cm−1, respectively [59,65–67]. In
region I the very intense Fe–S(Cys) stretching mode at 294 cm−1
(B3ut ) of the [2Fe–2S] cluster of holo IscU_wt (assigned to D39
coordination) disappears and the three bands at 263, 277, and
288 cm−1 becomemore evident, indicating that the histidine coordina-
tion remains when D39 is mutated to alanine.3.6. The role of D39 and H105 in the stability of the IscU fold and cluster
coordination
The data presented above suggest a key role of D39 and H105 in
destabilizing the holo form because of the conﬂicting role of these resi-
dues in cluster coordination. The effect is reversed when D39 is mutat-
ed. We thus reasoned that mutation of H105 in alanine should have a
behavior similar to IscU_D39A or at least intermediate between wild-
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should be more efﬁcient than that by aspartate. We tested this hypoth-
esis experimentally by producing an IscU_H105A mutant and compar-
ing its properties with those of IscU_wt and IscU_D39A.
We also compared the thermal stability of the three proteins by re-
cording temperature scans followed by far-UV CD and measuring the
melting temperatures, i.e. the midpoints of the thermally induced
unfolding transition. We previously showed that apo IscU_wt (as
puriﬁed and thus at least partially loaded with zinc) has a melting tem-
perature of 64.8 ± 0.1 °C, whereas that of the two mutants is ca. 10 °C
lower, being 53.7 ± 0.2 °C and 55.4 ± 0.1 °C for IscU_D39A and
IscU_H105A respectively [15]. The melting temperatures of the holo
proteins are almost reversed: the most stable of the holo proteins is
IscU_D39A with a melting temperature of 62.1 ± 0.1 °C. Values of
50.2 ± 0.1 °C and 56.4 ± 0.2 °C were obtained for IscU_wtand
IscU_H105A respectively (Fig. 6A).
Finally, to study the relative ability to retain the cluster under aerobic
conditionswe used an alreadywell described assay in which the cluster
is enzymatically formed on the IscU scaffold protein by IscS, iron and
cysteine under strong reducing conditions [4,41]. Cluster formation
was followed by UV–Vis absorbance spectroscopy. Each experiment
was ﬁrst carried out under anaerobic conditions (for the ﬁrst 30 min).
The solution was then exposed to the air and cluster disassembly mon-
itored as a function of time (Fig. 6B). The absorbance of IscU_wt has an
immediate drop after 20 min, while the spectra of bothmutants remain
persistent for more than 20 h.
We can thus conclude that mutation of either D39 or H105 has the
effect of stabilizing both the holo IscU fold and cluster coordination.
3.7. The His/Asp pair at the coordination site is highly conserved
Finally, we examined the conservation of the residues involved in
cluster coordination in IscU/Isu proteins. Amultiple alignment obtainedFig. 7. Sequence conservation of IscU. Alignment of IscU/Isu family as retrieved from the PFAM
served and semi-conserved are marked with asterisks, colons and dots. The positions correspofrom the PFAM database shows an almost complete conservation of the
ﬁrst two of the three cysteines (Fig. 7). Over a total of 4872 sequences
retrieved from Pfam, there is a conservation of 93.9% and 97.1% for
C37 and C63 respectively. C106 is conserved only in 53.6% of the se-
quences. The position equivalent to D39 is also highly conserved
(89.3%), whereas H105 is well conserved (48.9%) only when the third
cysteine is also present, with rare exceptions that have a lysine or an as-
partate instead. In the absence of the third cysteine, the position corre-
sponding to H105 has a higher degree of variability in agreementwith a
functional role of this residue. Interestingly, there are also sequences in
which H105 is substituted by another aspartate. It will be very interest-
ing to check the cluster stability in these proteins.4. Discussion
Understanding the coordination and the factors that stabilize Fe–S
clusters in proteins is a key question whose answer directly relates to
the biological role of these essential prosthetic groups. We have ad-
dressed the problemby studying IscU/Isu, a protein central to Fe–S clus-
ter assembly which provides an excellent, if not unique, model system
because of its wide-spread presence in most organisms and its unique
properties [3,6,25,68].We used a combination of computational and ex-
perimental methods to elucidate the mechanism by which IscU/Isu has
evolved to fulﬁll its function with an exquisite ﬁne-tuning.
Our results clearly point towards a direct involvement of both D39
and H105 in cluster coordination and confute the hypothesis that D39
is unlikely to coordinate the cluster because its mutation disfavors clus-
ter disassembly [69]. A role of D39 inmetal coordination is not new as it
was observed also in the crystal structure of an IscU-like protein from
Streptococcus pyogenes [11]. This protein, which does not contain a
histidine in the proximity of the cysteine triad, was crystallized in the
presence of zinc which replaces the absent cluster.database using only the most representative members (seeded alignment). Residues con-
nding to D39 and H105 are indicated with red arrows.
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in IscU have incomplete cysteine coordination, and are coordinated by
at least one oxygen (non-tyrosyl) at one Fe site [7,56]. Accordingly, in
our advanced computational methods to study the geometry of E. coli
IscU_wt loaded with a fully oxidized 2Fe–2S cluster, we observed that
only one iron atomof IscU_wt has complete tetrahedral cysteine coordi-
nation. The other iron has a distorted trigonal bipyramid coordination
with three sulfur atoms in an equatorial conﬁguration and axially coor-
dinated by the side chains of D39 and H105. It was hypothesized that
mutation could decrease solvent accessibility of the cluster [24,25],
explaining its higher stability against oxidation. We found, on the con-
trary, that the cluster is less accessible in holo IscU_wt than in the mu-
tant, ruling out this explanation. The absence of D39 in IscU_D39A
produces a change of cluster coordination with H105 becoming the
only fourth coordination site. As in IscU_wt, we observe complete tetra-
hedral cysteine coordination of one iron also in the mutant, but the
other iron is tetrahedrally coordinated by the H105 and C37 side chains
and the sulfur atoms of the cluster. Mutation increases the bond orders
and the electron density of the bond paths connecting the cluster, lead-
ing to a structural rearrangement with a shortening of the distances be-
tween iron and the IscU coordination side chains and to an increase of
the angles of the tetrahedral coordination up to values observed in typ-
ical tetrahedral complexes. Themutation also induces an increase of the
local positive charge of the 2Fe–2S cluster while increasing the negative
charge of the coordinating atoms, thus enhancing the electrostatic inter-
actions between the cluster and the protein. Finally, we observe an in-
crease of the hydrophobicity of the cluster environment which could
make its disruption more difﬁcult in IscU_D39A. An increase in the hy-
drophobicity of the surface surrounding the cluster could also play an
important role in the interaction with Nfs1/IscS. This hypothesis is
fully supported by the X-ray structure of the IscS-IscU complex (pdb
code: 3LVL) that shows D39 and the surrounding residues in close con-
tact to the IscS binding surface [5]. Accordingly, IscU_D39A forms a com-
plex with bacterial IscS of at least two orders of magnitude more stable
than IscU_wt and, likely as a direct consequence, the enzymatic kinetics
of cluster formation on IscU_D39A are appreciably slower than those in-
volving the wild-type [4].
Our conclusions based on computational methods are fully support-
ed by experimental validation: we could interpret and rationalize the
RR spectra of IscU_wt and its D39Amutant.We predicted that mutation
of H105A should have similar (but not necessarily identical) effects on
the protein and cluster stability as the D39A mutation. This is what we
observed. The twomutants have similar tendencies to retain the cluster
under aerobic conditions resulting in holo species signiﬁcantly more
persistent than IscU_wt. This property correlates only partially with
the thermal stability of the proteins: the stability of holo IscU_H105A
is more similar to IscU_wt, likely because histidine is a better ligand
for the cluster than aspartate or of the combination of the two. Interest-
ingly, this behavior is opposite to that previously demonstrated for the
zinc loaded cluster free proteins: IscU_H105A mutant is ca. 10 °C less
stable than IscU_wt having a melting point comparable to that of
IscU_D39A [15].
Why does IscU/Isu contain ﬁve ligands if four would be sufﬁcient?
Besides, why do we observe the intervention of a conserved cysteine
from IscS/Nfs1 in cluster coordination in the structure of the complex
from A. fulgidus [21]? Why, despite the overall conservation of D39
and H105, there are species which contain only one of the two, the
other position typically being substituted by an alanine?
A reasonable explanation which reconciles all these observations is
that the cluster stability is ﬁnely tuned to the species, the environment
and the properties of speciﬁc partners. The co-presence of aspartate and
histidine has clearly the effect of destabilizing the cluster through a
competition according to a ‘tug-of-war’ mechanism. This idea was re-
cently suggested but not supported by experimental evidence [70]. Ac-
cordingly, species with only one of the residues would be more stable
against loss of the cluster. The hypothesis would also agree with anoverall plasticity of the IscU/Isu fold as observed for zinc binding [15].
This would allow more than one ligand to be involved according to
the state of binding and provide additional ﬂexibility to bind both
2Fe–2S and 4Fe–4S clusters.
In conclusion, by studying the determinants of the stability of IscU/
Isu we have clariﬁed the mechanism by which this protein has evolved
as a transient scaffold by ﬁne-tuning its ability to hold the cluster to the
cellular requirements. Our work provides a further step in the long
and difﬁcult pathway that has the ultimate aim of understanding the
mechanisms involved in the Fe–S cluster formation machinery and of
rationalizing the complex relationship between all the components
involved.
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